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DIFFRACTION OF SOUND} 

HE interest of the subject which I propose to bring before 
you this evening turns principally upon the connection or 
analogy between light and sound. It has been known for a 
very long time that sound is a vibration; and everyone here 
knows that light is a vibration also. The last piece of know¬ 
ledge, however, was not arrived at so easily as the first; and 
one of the difficulties which retarded the acceptance of the view 
that light is a vibration was that in some respects the analogy 
between light and sound seemed to be less perfect than it should 
be. At the present time many of the students at our schools 
and universities can tell glibly all about it; yet this difficulty is 
one not to be despised, for it exercised a determining influence 
over the great mind of Newton. Newton, it would seem, 
definitely rejected the wave-theory of light on the ground that 
according to such a theory light would turn round the corners of 
obstacles, and so abolish shadows, in the way that sound is 
generally supposed to do. The fact that this difficulty seemed 
to Newton to be insuperable is, from the point of view of the 
advancement of science, very encouraging. The difficulty which 
stopped Newton two centuries ago is no difficulty now. It is 
well known that the question depends upon the relative wave¬ 
lengths in the two cases. Light-shadows, are sharp under 
ordinary circumstances, because the wave-length of light is so 
small; sound-shadows are usually of a diffused character, because 
the wave-length of sound is so great. The gap between the two 
is enormous. I need hardly remind you that the wave-length of 
C in the middle of the musical scale is about 4 feet The 
wave-length of the light with which we are usually concerned, 
the light towards the middle of the spectrum, is about the forty- 
thousandth of an inch. The result is that an obstacle which is 
immensely large for light may be very small for sound, and will 
therefore behave in a different manner. 

That Jig-ht-shadows are sharp is a familiar fact, but as I can 
prove it in a moment I will do so. We have here light from the 
electric arc thrown on the screen ; and if I hold up my hand 
thus we have a sharp shadow at any moderate distance, which 
shadow can be made sharper still by diminishing the source of 
light. Sound-shadows, as I have said, are not often sharp ; but 
I believe that they are sharper than is usually supposed, the 
reason being that when we pass into a sound-shadow—-when, for 
example, we pass into the shade of a large obstacle, such as a 
building—it requires some little time to effect the transition, 
and the consequence is that we cannot make a very ready 
comparison between the intensity of the sound before we enter 
and its diminution afterwards. When the comparison is made 
under more favourable conditions, the result is often better than 
would have been expected. It is, of course, impossible to 
perform experiments with such obstacles before an audience, and 
the shadows which I propose to show you to-night are on a 
much smaller scale. I shall take advantage of the sensitiveness 
of a flame such as Professor Tyndall has often used here—a 
flame sensitive to the waves produced by notes so exceedingly 
high as to be inaudible to the human ear. In fact, all the 
sounds with which I shall deal to-night will be inaudible to the 
audience. I hope that no quibbler will object that they are 
therefore not sounds: they are in every respect analogous 
to the vibrations which produce the ordinary sensations of 
hearing. 

I will now start the sensitive flame. We must adjust it to a 
reasonable degree of sensitiveness. I need scarcely explain the 
mechanism of these flames, which you know are fed from a 
special gas-holder supplying gas at a high pressure. When the 
pressure is too high, the flame flares on its own account (as this 
one is doing now), independently of external sound. When 
the pressure is somewhat diminished, but not too much so— 
when the flame “stands on the brink of the precipice” were, I 
think, Tyndall’s words—the sound pushes it over, and causes it 
to flare ; whereas, in the absence of such sound, it would remain 
erect and unaffected. Now, I believe, the flame is flaring under 
the action of a very high note that I am producing here. That 
can be tested in a moment by stopping the sound, and seeing 
whether the flame recovers or not. It recovers now. What I 
want to show you, however, is that the sound-shadows may be 
very sharp. I will put my hand between the flame and the 
source of sound, and you will see the difference. The flame is 
at present flaring; if I put my hand here, the flame recovers. 

1 Lecture delivered by Lord Rayleigh, F.R.S., at the Royal Institution, 
on January 20, 1888. 


When the adjustment is correct, my hand is a sufficient obstacle 
to throw a most conspicuous shadow. The flame is now in the 
shadow of my hand, and it recovers its steadiness : I move my 
hand up, the sound comes to the flame again, and it flares. 
When the conditions are at their best, a very small obstacle is 
sufficient to make the entire difference, and a sound-shadow may 
be thrown across several feet from an obstacle as small as the 
hand. The reason of the divergence from ordinary experience 
here met with is, that while the hand is a fairly large obstacle 
in comparison with the wave-length of the sound I am here 
using, it would not be a sufficiently large obstacle in comparison 
with the wave-lengths with which we have to do in ordinary 
life and in music. 

Everything then turns upon the question of the wave-length. 
The wave-length of the sound that I am using now is about half 
an inch. That is its complete length, and it corresponds to a 
note that would be very high indeed on the musical scale. The 
wave-length of middle C being four feet, the C one octave above 
that is two feet; two octaves above, one foot; three octaves above, 
six inches; four octaves, three inches; five octaves, one and a 
half inch ; six octaves, three-quarters of an inch; between that 
and the next octave, that is to say, between six and seven octaves 
above middle C, is the pitch of the note that I was just now 
using. There is no difficulty in determining what the wave-length 
is. The method depends upon the properties of what are known 
as stationary sonorous waves as opposed to progressive waves. 
If a train of progressive waves are caused to impinge upon a 
reflecting wall, there will be sent back or reflected in the reverse 
direction a second set of waves, and the co-operation of these 
two sets of waves produces one set or system of stationary waves ; 
the distinction being that, whereas in the one set the places of 
greatest condensation are continually changing and passing 
through every point, in the stationary waves there are definite 
points for the places of greatest condensation (nodes), and others 
distinct and definite (loops) for the places of greatest motion. 
The places of greatest variation of density are the places of no 
motion : the places of greatest motion are places of no variation 
of density. By the operation of a reflector, such as this board, 
we obtain a system of stationary waves, in which the nodes and 
loops occupy given positions relatively to the board. 

You will observe that as I hold the board at different distances 
behind, the flame rises and fails—I can hardly hold it still enough. 
In one position the flame rises, further off it falls again ; and as 
I move the board back the flame passes continually from the 
position of the node—the place of no motion—to the loop or 
place of greatest motion and no variation of pressure. As I move 
back, the aspect of the flame changes ; and all these changes are 
due to the reflection of the sound-waves by the reflector which I 
am holding. The flame alternately ducks and rises, its behaviour 
depending npon the different action of the nodes and loops. The 
nodes occur at distances from the reflecting wall, which are even 
multiples of the quarter of a wave-length ; the loops are, on the 
other hand, at distances from the reflector which are odd 
multiples, bisecting therefore the positions between the loops. I 
will now show you that a very slight body is capable of acting as 
a reflector. This is a screen of tissue-paper, and the effect will 
be apparent when it is held behind the flame and the distances 
are caused to vary. The flame goes up and down, showing that 
a considerable proportion of the sonorous intensity incident upon 
the paper screen is reflected back upon the flame ; otherwise the 
exact position of the reflector would be of no moment. I have 
here, however, a different sort of reflector. This is a glass plate 
—I use glass so that those behind may see through it—and it 
will slide upon a stand here arranged for it. When put in this 
position the flame is very little affected : the place is what I call 
a node—a place where there is great pressure variation, but no 
vibratory velocity. If I move the glass back, the flame becomes 
vigorously excited : that position is a loop. Move it back still 
more, and the flame becomes fairly quiet; but you see that as the 
plate travels gradually along, the flame goes through these evolu¬ 
tions as it occupies in succession the position of a node or the 
position of a loop. The interest of this experiment for our 
present purpose depends upon this—-that the distances through 
which the glass plate, acting as a reflector, must be successively 
moved in order to pass the flame from a loop to the next loop, or 
from a node to the consecutive node, is in each case half the 
wave-length ; so that by measuring the space through which the 
plate is thus withdrawn one has at once a measurement of the 
wave-length, and consequently of the pitch of the sound, though 
one cannot hear it. 
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The question of whether the flame is excited at the nodes or 
at the loops—whether at the places where the pressure varies 
most, or at those where there is no variation of pressure, but 
considerable motion of air—is one of considerable interest from 
the point of view of the theory of these flames. The experiment 
could be made well enough with such a source of sound as I am 
now using ; but it is made rather better by using sounds of a 
lower pitch, and therefore of greater wave-length, the discrimina¬ 
tion being then more easy. Here is a table of the distances 
which the screen must be from the flame in order to give the 
maximum and the minimum effect, the minimum being practically 
nothing at all. 

Table of Maxima and Minima . 


Max. 

Min. 

I 'I 

3'° 

4'5 

5'9 

7'5 

8-g 

10-3 

11 '7 

130 

147 

I S'9 



The distance between successive maxima or successive minima 
is very nearly 3 cm., and this is accordingly half the length of the 
wave. 

But there is a further question behind. Is it at the loops or 
is it at the nodes that the flame is most excited ? The table shows 
what the answer must be, because the nodes occur at distances 
from the screen which are even multiples, and the loops at 
distances which are odd multiples; and the numbers in the 
table can be explained in only one way—that the flame is excited 
at the loops corresponding to the odd multiples, and remains 
quiescent at the nodes corresponding to the even multiples. 
This result is especially remarkable, because the ear, when 
substituted for the flame, behaves in the exactly opposite manner, 
being excited at the nodes and not at the loops. The experi¬ 
ment may be tried with the aid of a tube, one end of which is 
placed in the ear, while the other is held close to the burner. It 
is then found that the ear is excited the most when the flame is 
excited least, and vice versa. The result of the experiment 
shows, moreover, that the manner in which the flame is dis¬ 
integrated under the action of sound is not, as might be expected, 
symmetrical in regard to the axis of the flame. If it were 
symmetrical, it would be most affected by the symmetrical 
cause—namely, the variation of pressure. The fact being that it 
is most excited at the loop, where there is the greatest vibratory 
velocity, shows that the method of disintegration is unsym- 
metrical, the velocity being a directed quantity. In that respect 
the theory of these flames is different from the theory of the 
water-jets investigated by Savart, which resolve themselves into 
detached drops under the influence of sonorous vibration. The 
analogy fails at this point, and it has been pressed too far by 
some experimenters on the subject. Another simple proof of 
the correctness of the result of our experiment is that it makes 
all the difference which way the burner is turned in respect of 
the direction in which the sound-waves are impinging upon it. 
If the phenomenon were symmetrical, it would make no 
difference if the flame were turned round upon its vertical axis. 
But we find that it does -make a difference. This is the way in 
which I was using the flame, and you see that it is flaring 
strongly. If I now turn the burner round through a right angle, 
the flame stops flaring. I have done nothing more than turn the 
burner round and the flame with it, showing that the sound¬ 
waves may impinge in one direction with great effect, and in 
another direction with no effect. The sensitiveness occurs again 
when the burner is turned through another right angle; after 
three right angles there is another place of no effect ; and after 
a complete revolution of the flame the original sensitiveness 
recurs. So that if the flame were stationary, and the sound¬ 
waves, came, say, from the north or south, the phenomena 
would be exhibited ; but if they came from the east or west, the 
flame would make no response. 

This is of convenience in experimenting, because, by turning 
the burner round, I make the flame almost insensitive to a 
sound, and I am now free to show the effect of any sound that 
may be brought to it in the perpendicular direction. I am going 


to use a very small reflector—a small piece of looking-glass. 
Wood would do as well ; but looking-glass facilitates the adjust¬ 
ment, because my assistant, by seeing the reflection, will be 
able to tell me when I am holding it in the best position. Now, 
the sound is being reflected from the bit of glass, and is causing 
the flame to flare, though the same sound, travelling a shorter 
distance and impinging in another direction, is incompetent to 
produce the result (Fig. 1). 

I am now going to move the reflector to and fro along the 
line perpendicular to that joining the source and the burner, all 
the while maintaining the adjustment, so that from the position 
of the source of sound the image of the flame is seen in the 
centre of the mirror. Seen from the source, it is still as central 
as before, but it has lost its effect, and as I move it to and fro I 
produce cycles of effect and no effect. What is the cause of 
this ? The question depends upon something different from what 
I have been speaking of hitherto ; and the explanation is, that 
we are here dealing with a diffraction phenomenon. The mirror 
is a small one, and the sound-waves which it reflects are not big 
enough to act in the normal manner. We are really dealing 
with the same sort of phenomena as arise in optics when we use 
small pin-holes for the entrance of our light. It is not very easy 
to make the experiment in the present form quite simple, 
because the mirror would have to be withdrawn, all the while 
maintaining a somewhat complicated adjustment. In order to 
raise the question of diffraction in its simplest shape, we must 
have a direct course for the sound between its origin and the 
place of observation, and interpose in the path a screen perforated 
with such holes as we desire to try. 

The screen I propose to use is of glass. It is a practically 
perfect obstacle for such sounds as we are dealing with ; but it 
is perforated here with a hole (20 cm, diameter), rendered more 
evident to those at a distance by means of a circle of paper 
pasted round it. The edge of the hole corresponds to the inner 
circumference of the paper. We shall thus be able to try the 
effect of different-sized apertures, all the other circumstances re¬ 
maining unchanged. The experiment is rather a difficult one 
before an audience, because everything turns on getting the 
exact adjustment of distances relatively to the wave-length. At 
present the sound is passing through this comparatively large 
hole in the glass screen, and is producing, as you see, scarcely 
any effect upon the flame situated opposite to its centre. But if 
(Fig. 2) I diminish the size of the hole by holding this circle of 
zinc (perforated with a hole 14 cm. in diameter) in front of it, 
it is seen that, although the hole is smaller, we get a far greater 
effect. That is a fundamental phenomenon in diffraction. Now 
I reopen the larger hole, and the flame becomes quiet. So that 
it is evident that in this case the sound produces a greater effect 
in passing through a small hole than in passing through a larger 
one. The experiment may be made in another way, by ob¬ 
structing the central in place of the marginal part of the aper¬ 
ture in the glass. When I hold this unperforated disk of zinc 
(14 cm. in diameter) centrically in front, we get a greater effect 
than when the sound is allowed to pass through both parts 
of the aperture. The flame is now flaring vigorously under 
the action of the sonorous waves passing the marginal part 
of the aperture, whereas it will scarcely flare at all under the 
action of waves passing through both the marginal and the 
central hole. 

This is a point which I should like to dwell upon a little, 
for it lies at the root of the whole matter. The principle upon 
which it depends is one that was first formulated by Huygens, 
one of the leading names in the development of the undulatory 
theory of light. In this diagram (Fig. 3) is represented in 
section the different parts of the obstacle, c represents the 
source of sound, b represents the flame, and a p q is the screen. 
If we choose a point, P, on this screen, so that the whole di¬ 
stance from b to c, reckoned through p, viz. bpc, exceeds the 
shortest distance B A C by exactly half the wave-length of the 
sound, then the circular area, whose radius is A p, is the first 
zone. We take next another point, Q, so that the whole dis¬ 
tance bqc exceeds the previous one by half a wave-length. 
Thus we get the second zone represented by p q. In like manner, 
by taking different points in succession Such that the last dis¬ 
tance taken exceeds the previous one every time by half a 
wave-length, we may map out the whole of the obstructing 
screen into a series of zones called Huygens’ zones. I have here 
| a material embodiment of that notion, in which the zones are 
actually cut out of a piece of zinc. It is easy to prove that the 
! effects of the parts of the wave traversing the alternate zones are 
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opposed ; tliat whatever may be the effect of the first zone, a p, 
the exact opposite will be the effect of p Q, and so on. Thus, if 
a p and p Q are both allowed to operate, while all beyond Q is 
cut off, the waves will neutralize one another, and the effect 
will be immensely less than if AP or pq operated alone. And 
that is what we saw just now. When I used the inner aperture 
only, a comparatively loud sound acted upon the flame. When 
I added to that inner aperture the additional aperture P Q, the 
sound disappeared, showing that the effect of the latter was 
equal and opposite to that of A f, and that the two neutralized 
each other. 

[If A c = a, A B = ( 5 , A r = x, wave length = A, the value of 
x for the external radius of the nth. zone is 


or, if a =’l>, 

x 2 = \nXa. 


With the apertures used above, x 2 = 49 for n = 1 ; x % = 100 
for n = 2 ; so that 

A a = 100, 

the measurements being in centimetres. This gives the suit¬ 
able distances, when A is known. In the present case A = 1*2, 
a = 83.] 

Closely connected with this there is another very interesting 
experiment, which can easily be tried, and which has also an im¬ 
portant optical analogy. I mean the experiment of the shadow 
thrown by a circular disk. If a very small source of light be 
taken—such a source as would be produced by perforating a 
thin plate in the shutter of the window of a dark room with a pin, 
and causing the rays of the sun to enter horizontally—and if we 
interpose in the path of the light a small circular obstacle, and 
then observe the shadow thrown in the rear of that obstacle, a 
very remarkable peculiarity manifests itself. It is found that in the 
centre of the shadow of the obstacle, where the darkness might 


Source 




I 


r 


Fig. 2. 



Burner 

—o 


Fig. 3. 


be expected to be greatest, there is, on the contrary, no darkness 
at all, but a bright spot, a spot as brght as if no obstacle 
intervened in'the course of the light. The history of this subject 
is curious. The fact was first observed by Delisle in the early 
part of the eighteenth century, but the observation fell into 
oblivion. When Fresnel began his important investigations, his 
memoir on diffraction was communicated to the French Academy, 
and was reported on by the great mathematician Poisson. 
Poisson was not favourably impressed by Fresnel’s theoretical 
views, Like most mathematicians of the day, he did not take 
kindly to the wave theory; and in his report on Fresnel’s 
memoir, he made the objection that if the method were applied, 
as Fresnel had not then done, to investigate what should happen 
in the shadow of a circular obstacle, it brought out this para¬ 
doxical result, that in the centre there would be a bright point. 
This was regarded as a reductio ad absurdum of the theory, All 
the time, as I have mentioned, the record of Delisle’s observa¬ 


tions was in existence. The remarks of Poisson were brought to 
the notice of Fresnel, the experiment was tried, and the bright 
point was rediscovered, to the gratification of Fresnel and the 
confirmation of his theoretical views. I don’t propose to attempt 
the optical experiment now, but it can easily be tried in one’s 
own laboratory. A long room or passage must be darkened : a 
fourpenny bit may be used as the obstacle, strung up by three 
hairs attached by sealing-wax. When the shadow of the obstacle 
is received on a piece of ground glass, and examined from behind 
with a magnifying lens, the bright spot will be seen without 
much difficulty. But what I propose to show you is the corre¬ 
sponding phenomenon in the case of sound, Fresnel’s reasoning 
is applicable, word for word, to the phenomena we are consider¬ 
ing just as much as to that which he, or rather Poisson, had in 
view. The disk (Fig. 4), which I shall hang up now between 
the source of sound and the flame, is of glass. It is about 15 
inches in diameter. I believe the flame is flaring now from being 
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! n the bright spot. If I make a small motion of the disk, I shall 
move the bright spot and the effect will disappear. I am push¬ 
ing the disk away now, and the flaring has stopped. The flame 
is still in the shadow of the disk, but not at the centre. I bring 
the disk back again, and when the flame comes into the centre 
it flares again vigorously. That is the phenomenon which was 
discovered by Delisle and confirmed by Arago and Fresnel, but 
mathematically it was suggested by Poisson. 

DtSC 


Flame 


Source 


Fig. 4. 

Poisson’s calculation related only to the very central point in 
the axis of the disk. More recently the theory of this experi¬ 
ment has been very thoroughly examined by a German mathe¬ 
matician, Lommel; and I have exhibited here one of the curves 
given by him embodying the results of his calculations on the 
subject (Fig. 5). 

The abscissa?, measured horizontally, represent distances 
drawn outwards from the centre of the shadow o \ the ordinates 
measure the intensity of the light at the various points. The 
maximum intensity o a is at the centre. A little way outwards, 
at B, the intensity falls almost, but not quite, to zero. At C there 
is a revival of intensity, indicating a bright ring ; and further out 
there is a succession of subordinate fluctuations. The curve on 


€t = aa 
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27* ^ 15 
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loud central point. If I push the disk a little, we enter the ring 
of silence, B ; 1 a little further, and the flame flares again, being 
now at c. 

Although we have thus imitated the optical experiment, I 
must not leave you under the idea that we are working under the 
same conditions that prevail in optics. You see the diameter of 
my disk is 15 inches, and the length of my sound-wave is about 
half an inch. My disk is therefore about thirty wave-lengths in 
diameter, whereas the diameter of a disk representing thirty 
wave-lengths of light would be only about xinnr inch. Still, the 
conditions are sufficiently alike to get corresponding effects, 
and to obtain this bright point in the centre of the shadow 
conspicuously developed. 

I will now make an experiment illustrating still further the 
principle of Huygens’ zones, which I have already roughly 
sketched. I indicated that the effect of contiguous zones was 
equal and opposite, so that the effect of each of the odd zones 
is one thing, and of the even zones the opposite thing. If we 
can succeed in so preparing a screen as to fit the system of zones, 
allowing the one set to pass, and at the same time intercepting 
the other set, then we shall get a great effect at the central 
point, because we shall have removed those parts which, if they 
remained, would have neutralized the remaining parts. Such a 
system has been cut out of zinc, and is now hanging before you. 
When the adjustments are correct, there will be produced, under 
the action of that circular grating, an effect much greater than 
would result if the sound-waves were allowed to pass on without 
any obstruction. The only point difficult of explanation is as to 
what happens when the system of zones is complete, and extends 
to infinity, viz. when there is no obstruction at all. In that case 
it may be proved that the aggregate effect of all the zones is, in 
ordinary cases, half the effect that would be produced by any one 
zone alone, whereas if we succeed in stopping out a number of the 
alternate zones, we may expect a large multiple of the effect of 
one zone. The grating is now in the right position, and you see 
the flame flaring strongly, under the action of the sound-waves 
transmitted through these alternate zones, the action of the other 
zones being stopped by the interposition of the zinc. But the 
interest of the experiment is principally in this, that the flame is 
flaring more than it would do if the grating were removed alto¬ 
gether. There is now, without the grating, a very trivial 
flaring ; 2 but when the grating is in position again-—though a 
great part of the sound is thereby stopped out—the effect is far 
more powerful than when no obstruction intervened. The 
grating acts, in fact, the part of a lens. It concentrates the 
sound upon the flame, and so produces the intense magnification 
of effect which we have seen. 

[The exterior radius of the «th zone being x, we have, from 
the formula given above— 

1 I n\ 

a "** b ~ x 2 ’ 

so that if a and b be the distances of the source and image from 
the grating, the relation required to maintain the focus is, as 
usual, 

1 I I 

a + /> ~~ f ’ 

where/, the focal length , is given by— 



/ = 


X" 

n\ 


Fig. 5. 

the other side of o A would of course be similar. This curve cor¬ 
responds to the distances and proportions indicated, a is the 
distance between the source of sound and the disk ; b is the dis¬ 
tance between the disk and the flame, the place where the 
intensity is observed. The numbers given are taken from the 
notes of an experiment which went well. If we can get our 
flame to the right point of sensitiveness, we may succeed in 
bringing into view not only the central spot, but the revived 
sound which occurs after you have got away from the central 
point and have passed through the ring of silence. There is the 


In the actual grating, eight zones (the first, third, 
fifth, &e.) are occupied by metal. The radius 
of the first zone, or central circle, is 3 inches, 
_so that x*fn - 9. The focal length is neces¬ 
sarily a function of A. In the present case A = 4 
inch nearly, and therefore /= 18 inches. If a and b are the 
same, each must be made equal to 36 inches.] 

SCIENTIFIC SERIALS . 

Revue d' Anthropologies troisieme serie, tome iii., 1888 
(Paris) —Stratigraphic palaeontology in relation to man, by M. 
Marcellin Boule. Rejecting as unauthenticated all evidence of 
human existence in the Tertiary age, the author considers the 

1 With the data given above the diameter of the silent ring is two-thirds of 
an inch. 

2 Under the best conditions the flame is absolutely unaffected. 
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